Background: Congenital heart disease (CHD) is one of the most common birth defects; however, the mechanisms underlying its development are poorly understood. Recently, heritable genetic factors, including copy number variations (CNVs) and single nucleotide polymorphisms (SNPs), have been implicated in its etiology. The aim of this study was to investigate the utility of a SNP array for the prenatal diagnosis of CHD and the improvement of prenatal genetic counseling and to compare this approach to traditional chromosome analysis.
Introduction
Congenital heart disease (CHD) is one of the most common birth defects, affecting up to 8 of every 1000 babies born in China. [1] It is characterized by defective heart structure, which results from the malformation of the heart wall and veins during embryogenesis, and is considered the main noninfectious cause of fetal death. Currently, diagnosis relies on medical imaging and CHDs are classified into 2 types based on their association with other congenital defects as follows: isolated CHD, without other congenital defects, and syndromic CHD associated with urinary or nervous system malformations. [2] Although environmental and genetic factors or a combination thereof are considered the main causes of CHD, [3] the mechanism underlying its development is poorly understood. Recent studies showed that heritable genetic factors play important roles in its etiology. [4, 5] These include chromosomal variations and mutations, as well as copy number variations (CNVs), which comprise one of the main causes. [6] Chromosomal microarray analysis (CMA) entails the use of microarray-based comparative genomic hybridization and a single nucleotide polymorphism (SNP) array, both of which can detect microdeletions and microduplications in the genome. In addition to CNVs, SNPs can be used to detect uniparental disomy and chimeras.
In this study, we performed a whole-genome scan using SNP array technology and karyotyping to analyze 146 CHD cases assessed by ultrasonic cardiography to identify the genetic factors responsible for fetal CHDs and explore the clinical utility of SNPs in diagnosing this disease.
Methods

Patient data
We conducted a retrospective study on CHD cases diagnosed prenatally using ultrasound data from January 2016 to April 2018 at the Prenatal Diagnosis Center of the Fujian Provincial Maternal and Children Health Hospital. Fetal samples were collected by amniocentesis (n = 76) and cord blood sampling (n = 70) according to gestational age. Amniotic fluid was collected by amniocentesis at 16 to 24 gestational weeks, and fetal blood was collected by cordocentesis after the 24th gestational week. The fetuses underwent routine ultrasonic scans, and fetal biometry was assessed at a median gestational age of 25 + 5 weeks (range, 18 + 3-33 + 4 weeks). This study was approved by the ethics committee of the Fujian Provincial Maternal and Child Health Hospital, and informed consent was obtained from the parents for invasive prenatal diagnosis. Approximately 2.0 mL of peripheral venous blood was collected from the parents once fetal pathogenic CNVs were confirmed. DNA was extracted using a Gentra Puregene Blood Kit (Qiagen, Hilden, Germany).
In total, 146 CHD cases were included, among which 110 (75.3%) were of isolated CHD and 36 (24.7%) were of CHD with extra-cardiac defects. Among the 110 isolated CHD fetuses, 61 were cases of septal defects (57 cases with ventricular septal defects and 4 with atrial septal defects), 14 of conotruncal defects (4 with tetralogy of Fallot, 2 with transposition of great arteries, 3 with pulmonary valve stenosis, 2 with persistent truncus arteriosus, and 1 with interrupted aortic arch), 4 of aortal defects (one with dilatation of the ascending aorta, 2 with dilatation of the descending aorta, and 1 with coarctation of the aorta), and 41 of complex congenital heart diseases (detailed information in Table 1 ).
Karyotype analysis
Cultured amniocytes or lymphocytes were analyzed by regular cytogenetic analysis using Giemsa banding at a resolution of 450 to 550 bands.
SNP array
Genomic DNA was extracted directly from uncultured amniotic fluid and cord blood samples using a QIAamp DNA Blood Mini Kit (Qiagen). DNA was quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions. The DNA quality was assessed using agarose gel electrophoresis. The CytoScan HD genome-wide highresolution SNP array (Affymetrix, Santa Clara, CA), which includes both SNPs and oligonucleotide probes, was used.
DNA (250 ng) was amplified, labeled, and hybridized according to the manufacturer's instructions. Procedures for DNA digestion, ligation, polymerase chain reaction (PCR), fragmentation, labeling, and array hybridization were performed according to the manufacturer's protocol. The CNV-reporting filter was set at > 100 kb, with a minimum set of 50 marker counts. The results obtained by scanning the CytoScan arrays were analyzed using the Chromosome Analysis Suite software (Affymetrix, Inc., Santa Clara, CA, USA) and annotated based on GRCh37 (hg19). The CNVs were classified as benign, pathogenic, or variants of uncertain clinical significance (VOUS) according to the American College of Medical Genetics (ACMG) guidelines. [7] Parental testing was performed for fetuses with CHD that had abnormal SNP array results to determine the inheritance pattern of the deletions and/or duplications. All annotated CNVs were experimentally validated using fluorescence in situ hybridization (FISH).
Statistical analysis
SPSS Statistics 20 software (IBM, Armonk, NY) was used for statistical analysis. The detection rates of pathogenic results were compared between the karyotype cytogenetic analyses and SNP array groups of the fetuses with isolated CHD and fetuses with CHD with extra-cardiac defects. P < .05 indicated statistical significance.
Results
Karyotype analysis
Karyotype analysis identified chromosomal abnormalities in 19 of 146 cases of CHD. Among the 110 fetuses with isolated CHD, karyotype cytogenetic analysis identified 9 cases (8.2%) of clinically significant chromosomal abnormalities, including one case each of trisomy 21, deletions of 2q37 and 18p11.2, duplication of 8q21, and an unusual partial aneuploidy that involved monosomy 18 and trisomy 18, with one chromosome exhibiting a 18p11.32p11.31 microdeletion and another a 18p11.31p11.21 duplication, respectively. Furthermore, we detected one balanced translocation t (4;8) (q31.1;q24), one pericentric (9) (p12q13) inversion, one 14p + , and one 13p + that were not detected by the SNP array. Among the 36 fetuses exhibiting CHD with extra-cardiac defects, karyotype analysis identified chromosomal abnormalities in 10 (27.8%) as follows: trisomy 21 (n = 2), trisomy 18 (n = 4), Klinefelter syndrome (n = 1), deletion of 4q25q28 (n = 1), and duplications of 22q11.2 (n = 1) and 6p13.3 (n = 1; Table 2 ).
Detection rates of abnormal karyotypes using the SNP array
SNP array hybridization was performed for 145 of 146 fetuses with CHD (one of the parents refused to participate in the SNP Table 1 Phenotypic characteristics of 146 fetuses with congenital heart diseases.
CHD classification
Number of fetuses Eight of the identified CNVs were related to known chromosomal disorders, namely, DiGeorge (n = 4), cat eye (n = 2), Prader-Willi (n = 1), and Potocki-Lupski syndromes (n = 1).
Comparison of pathogenic CNV detection rates
Overall, the rate at which pathogenic CNVs were detected by the SNP array was significantly higher than that of standard karyotype analysis (P < .05). Of 146 fetuses with CHD that underwent karyotype cytogenetic and SNP array analyses, 110 (75.3%) harbored isolated cardiac defects, whereas 36 (24.7%) possessed extra-cardiac defects. The detection rates of pathogenic CNVs using the SNP array differed significantly between cases of isolated CHD and CHD with extra-cardiac defects (P < .05) ( Table 3) .
Inheritance analysis and obstetrical outcomes
We next screened inheritance information of 32 families with abnormal karyotype results (excluding those with chromosome aneuploidies) and abnormal CNVs. Eleven fetuses inherited abnormal CNVs from unaffected parents, whereas 21 were de novo CNVs. Chromosomal abnormalities (n = 15), pathogenic CNVs (n = 15), and VOUS CNVs (n = 2) accounted for the termination of respective pregnancies. Furthermore, we observed that 18.2% (20/110) of isolated CHD cases and 72.2% (26/36) of CHD cases with extra-cardiac defects resulted in the termination of pregnancy (Table 4) . Table 2 Results of chromosomal microarray analysis of fetuses with congenital heart diseases and abnormal karyotypes. 
Discussion
In this study, 146 pregnant women with fetuses with CHD consented to undergo karyotyping and SNP array testing after fetal anatomy scans and echocardiography. We obtained clinically significant results in 21.2% (31/146) of fetuses. Karyotype cytogenetic analysis identified 7 chromosomal aneuploidies associated with trisomy 21, trisomy 18, and Klinefelter syndrome. In the prenatal setting, the incidence of chromosomal anomalies in fetuses with CHD is reportedly as high as 18% to 22%, with most anomalies being trisomy 21, trisomy 18, and 22q11 microdeletions. [8] [9] [10] Moreover, cytogenetic karyotype analysis identified one balanced translocation, one pericentric inversion, and duplications in the short arms of 2 chromosomes that were not detected by the SNP array. ALSA = aberrant left subclavian artery, ARSA = aberrant right subclavian artery, B = benign, DAA = dilatation of the ascending aorta, FGR = fetal growth restriction, LSVC = left superior vena cava, OFB = oval flaps bulging, P = pathogenic, PA = pulmonary atresia, PVS = pulmonary valve stenosis, RSAA = right-sided aortic arch, TR = tricuspid regurgitation, TOF = tetralogy of Fallot, TD = term delivery, TP = termination of pregnancy, VSD = ventricular septal defect, VC = vascular circle. Table 4 Fetuses with congenital heart diseases inherited from unaffected parents. 
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According to Wapner et al, [11] SNP arrays cannot replace karyotype analysis because of their inability to detect chromosomal translocations or inversions. However, in one case where amniotic fluid cell culture was unsuccessful, the SNP array was able to detect an abnormal pathogenic CNV. As such, the SNP array is superior to karyotype analysis because of its ability to detect CNVs with high accuracy and resolution without the need for amniotic fluid cell culture.
According to the SNP array performed for 145 CHD fetuses, 24.8% (36/145) of cases had abnormalities. Several studies have reported that the diagnostic yield of SNP array testing used in prenatal evaluation ranges from 6.6% to 19.2%. [8, [12] [13] [14] Thus, the actual clinical detection rates in our cohort were slightly higher than those in previous studies on CHD. These results demonstrate that variations in the detection rates of pathogenic CNVs might occur based on CHD type, clinical differences among cases, and differences in the scales of array probes.
Among the 15 pathogenic CNVs identified, 4 were cases of isolated CHD, specifically, one 22q11.2 deletion and one each of duplication in 22q11.2, 1q42, and Xq28. Both duplications and deletions of 22q11.2 are associated with cardiac abnormalities in approximately 75% and 15% of cases, respectively. [15] Some patients with 1q42-44 duplications presented with cardiac abnormalities. Although a correlation between Xq28 duplications and heart malformations has not been reported, this fragment is important for intellectual development and is a known pathogenic CNV. [16] A CHD is more likely to be related to genetic disorders if it is detected in the presence of other structural anomalies. [17] We also identified a set of 10 different CNVs associated with rare chromosomal diseases as follows: 6 microdeletions, namely, three 22q11.21 (DiGeorge syndrome [15] ), one 3q24q25.1, one 15q11.2q13.1 (Prader-Willi syndrome [18] ), and one 15q24.1q24.2, and 4 microduplications, namely, 22q11.1q11.21 (cat eye syndrome [19] ), 17p11.2 (Potocki-Lupski syndrome [20] ), 7q11.23, and 3q29. These syndromes are associated with a range of physical and mental disabilities, as well as congenital organ malformations, including CHD. Syndromic CHD has various etiologies, such as microscopic and submicroscopic chromosomal abnormalities, monogenic syndromes, and epigenetic and environmental factors. [21] We also detected one case of CHD with LOH in 16q23.2q24.3 and 16p13.3p12.3.
VOUS was detected at a rate of 2.1% (3/145) in our analysis. This is lower than, but not substantially different from, the rates reported previously. [22] Among the 145 cases tested by chromosomal microarray, 4 were considered benign based on current knowledge and would not have been reported otherwise. Recently, a systematic meta-analysis compared the rates at which imbalances are detected by CMA to those detected by conventional karyotyping and 22q11 microdeletion analysis by FISH in fetuses with cardiac malformations. CMA yielded additional clinically valuable information for 7.0% of fetal CHD cases. Subgroup analysis showed an increased detection rate of 3.4% and 9.3% in isolated and nonisolated CHD cases, respectively. [22] [23] In this study, the detection rates of pathogenic CNVs by SNP array differed significantly between cases with isolated CHD and those with CHD with extra-cardiac defects (13.6% vs 72.2% P < .001).
We detected 4 CHD cases with 22q11 deletion syndrome. Genetic analysis of the parents of these 4 fetuses using SNP arrays showed that one of the cases arose from a maternal deletion of chromosome 22, wherein the mother's elder child, who also suffered from CHD, showed an identical genetic abnormality.
Clinical manifestations of the 22q11 deletion syndrome differ considerably; further, the phenotype, which varied significantly even within a single family tree, is not definitively associated with the genotype. In another case, the phenotype of the mother was normal, whereas an ultrasonic cardiogram indicated a ventricular septal defect and choroid plexus cysts in the fetus. The mother's elder child had syndromic CHD. The parents were informed that the baby might show disease symptoms after birth and decided to terminate the pregnancy.
The SNP array cannot only detect CNVs but can also detect uniparental disomy. In this study, 2 CHD fetuses harbored uniparental disomy as follows: one had Prader-Willi syndrome and the other had an LOH at q23.2q24 and p13.3p12.3 on chromosome 16 . SNP array analysis of the parents revealed maternal uniparental disomy, which was classified as a pathogenic variation. Therefore, these parents also decided to terminate the pregnancy.
We observed that 18.2% (20/110) of isolated CHD cases and 72.2% (26/36) of cases of CHD with extra-cardiac defects resulted in pregnancy termination. The reasons for pregnancy terminations were chromosome abnormalities (n = 15) and the presence of pathogenic CNVs (n = 15). We also observed that 10% (11/110) of families associated with isolated CHD and 66.7% (2/3) of those associated with VOUS still terminated their respective pregnancies. Therefore, genetic counseling should be improved, psychological support should be provided, and public awareness regarding CHDs should be increased to reduce the unnecessary termination of pregnancies.
Our study had some limitations. First, the number of cases included was small. A study with a larger sample size is required to reduce the large confidence interval for the detection rates of abnormal results. Second, we did not have access to information regarding CNVs for parents of all fetuses. Therefore, only some genetic information related to CNVs was obtained. In addition, an important component of prenatal consultation for the patients is the long-term physical, language, and speech development associated with CHD, as well as clinical symptoms, which could not be obtained from this study.
Conclusion
SNP array testing accurately detects cases of prenatal CHD, including those with isolated heart malformations and extracardiac defects. Our study shows that SNP array analysis combined with cytogenetic analysis is particularly effective for identifying chromosomal abnormalities and CNVs in fetuses with CHDs, which affects obstetrical outcomes. Based on this and other studies, [9] chromosomal abnormalities and CNVs form the genetic basis for CHDs and extra-cardiac abnormalities in only approximately 20% of CHD fetuses. Thus, in this study, factors contributing to 78.8% (115/146) of the cases remained elusive, suggesting that different mutations or factors might be involved in CHD etiology. 
Author contributions
